Neoadjuvant systemic therapy may induce steatosis or sinusoid obstruction syndrome in the liver. The aim of this study was to investigate the influence of systemic therapy with irinotecan, oxaliplatin and cetuximab on conspicuity of liver metastases on computed tomography (CT). CT scans of 48 patients with initial unresectable colorectal liver metastases which were treated in a Europe-wide, opened, randomized phase II trial receiving oxaliplatin or irinotecan combined with folinic acid and cetuximab were analysed. The density of the metastases and the liver parenchyma before and after systemic therapy were analysed by region-of-interest technique and the tumour-to-liver difference (dHU TLD). The mean density of liver parenchyma and liver metastases did not vary significantly before and after neoadjuvant therapy on plain (56.3 AE 8.1 HU, 54.8 AE 13.5 HU) and arterial enhanced CT (76.0 AE 15.7 HU, 70.5 AE 20.4 HU). There was a significant reduction (105.6 AE 17.3 HU, 93.3 AE 18.2 HU) in the density of liver parenchyma on portal venous scans after systemic therapy (p50.0001) and a reduction of dHU TLD, consecutively. In patients with colorectal liver metastases, neoadjuvant chemotherapy may have a toxic impact on liver parenchyma resulting in reduced tumour-to-liver contrast in contrast-enhanced CT. This may lead to underestimation of real lesion size.
Introduction
Approximately 50% of patients with colorectal cancer develop liver metastases at some point during the course of their disease [1] . Unfortunately, only 1015% of patients diagnosed with colorectal liver metastases are candidates for curative resection [2] . In cases of nonresectable liver metastasis with potential resectability after down-staging, intensive systemic chemotherapy should be applied to reach the aim of secondary resectability [3] . Nowadays, chemotherapy regimens such as combined use of folinic acid and oxaliplatin (folinic acid, fluorouracil, oxaliplatin; FOLFOX) or irinotecan (folinic acid, fluorouracil, irinotecan; FOLFIRI) are the recommended and prevailing protocols [4] . Additionally, targeting agents such as cetuximab have experienced a significant upturn recently [5] and may convert initially non-resectable liver metastases into resectable ones with potentially curative intent [6] . Nevertheless, systemic chemotherapy may induce severe adverse events that may potentially reduce the patients quality of life and tumour resectability.
Hepatotoxity may be due to the development of steatosis or sinusoid obstruction syndrome (blue liver) and occur after treatment with both irinotecan and oxaliplatin [7, 8] . Variance in liver texture after chemotherapy might be detectable with computed tomography (CT). The attenuation value in the healthy liver is normally 5057 Hounsfield units (HU) on plain CT and decreases 1.6 HU for each milligram of triglycerides deposited per gram of hepatic tissue [9] . In several ongoing studies on neoadjuvant treatment of liver metastases from colorectal cancer, CT is still the method of choice for the evaluation of response and This paper is available online at http://www.cancerimaging.org. In the event of a change in the URL address, please use the DOI provided to locate the paper.
the measurement of tumour size and the distance to adjoining vessels such as the liver artery, portal vein and liver vein. The surgical decision on whether a patient technically may be treated by liver resection or not is usually based on CT scans. Therefore, any factor that may influence the contrast between liver metastases and liver parenchyma may be fateful for the prognosis of the patient. However, magnetic resonance imaging (MRI) seems to be a superior modality in detecting lesions, especially in patients treated with neoadjuvant chemotherapy [10] . The aim of this study was to explore if chemotherapyinduced alteration of liver parenchyma may influence the attenuation of tumours, parenchyma or tumour-to-liver difference (dHU TLD) on CT.
Patients and methods

Study design
The study was a retrospective evaluation of CT scans of patients with initially unresectable liver metastases from colorectal cancer (CRC) using the data from a Europewide randomized multicenter trial that tested the feasibility and the outcome of neoadjuvant treatment with cetuximab plus FA and oxaliplatin (FOLFOX) or irinotecan (FOLFIRI). The initial study has been approved by the institutional ethics committee and written informed consent was obtained from all participants. Liver metastases were synchronous or metachronous and histologically validated.
The inclusion criteria were:
non-resectable liver metastases without extrahepatic disease (non-resectability was defined in cases where 5 or more liver metastases were present or liver metastases were deemed technically non-resectable, depending on the remaining functional tissue, present infiltration of all liver veins, 2 liver arteries, both portal branches or both bile ducts) 18 years or older if the patient had simultaneous metastases, the primary tumour had been resected not less than 1 month before chemotherapy Karnofsky performance status of 80 or higher acceptable bone marrow, liver and renal function Exclusion criteria were: extrahepatic metastases, lymph node metastases primary tumour recurrence prior chemotherapy (except adjuvant,46 months ago) prior EGFR (epidermal growth factor receptor) targeting-therapy radiotherapy / major surgery54 weeks ago systemic therapy clinically relevant coronary disease myocardial infarction512 months ago peripheral neuropathy4CTC grade I inflammatory bowel disease previous malignancy (except CRC, basal cell carcinoma, pre-invasive carcinoma of the cervix) severe psychiatric illness drug-or alcohol abuse breast-feeding or pregnant women
Study groups
The sample was composed of 74 patients randomized to a combination of cetuximab (400 mg/m 2 and 250 mg/m 2 weekly) plus FOLFOX (oxaliplatin 100, folinic acid 400, fluorouracil 400 (bolus) and 2400 mg/m 2 ) or cetuximab plus FOLFIRI (irinotecan 180, folinic acid 400, fluorouracil 400 (bolus) and 2400 mg/m 2 ) as neoadjuvant treatment for 4 months (8 cycles). Prior to chemotherapy, baseline CT scans were recorded for each patient both plain and enhanced (arterial, portal venous and venous phase). On an average of 16 weeks later, follow-up CT scans were recorded under the same conditions. Due to different CT systems at the participating centres, the CT protocol and technical values such as slice thickness and tube voltage were not standardized. Forty-eight of 74 patients (64.9%) with corresponding CT scans both at baseline and at follow-up were included in this study.
Patients with baseline CT only (n ¼ 7), e.g. because of death, or follow-up CT (n ¼ 2) in a different CT phase, with positron emission tomography (PET)/CT or MRI (n ¼ 9) and with non-corresponding CT phases at baseline and follow-up (n ¼ 8) were excluded.
Eighty-four different phases of these 48 patients were available and assorted into 3 definitive study groups: plain CT phase (n ¼ 24; group 1), arterial phase (n ¼ 30; group 2), portal venous phase (n ¼ 30; group 3). The 48 study patients were characterized by a male/ female ratio of 32:16 and a mean age of 62.9 years with an age range of 3579 years ( Table 1 ). The patients in the study group were selected from 12 European hospitals participating in the CELIM trial. The interval between baseline CT scan and follow-up scan was 117 days (median 122 days) (17 weeks; median 17 weeks) ( Table 2) . 
Measurements
Liver parenchyma
For semiquantitative analysis, attenuation of liver parenchyma (HU) was measured. Circular regions of interest (ROI) were centred in the lesion-free liver parenchyma avoiding liver veins and arteries as well as other pathologic and non-pathologic structures ( Fig. 1) .
To increase the reliability, ROIs were measured over 3 AE 0.4 cm 2 . Each analysis was performed 3 times. Attenuation of liver parenchyma was compared at baseline CT and at follow-up CT using the mean value of these 3 measurements.
Liver metastases
To study the potential alteration of attenuation of liver metastases, they were evaluated in the same way as liver parenchyma except for the magnitude of the ROIs. For each patient, one target lesion was chosen and measured 3 times with circular ROIs. In every CT phase (plain, arterial, portal venous) in one patient, the same metastasis was chosen. If metastases were inhomogeneous, e.g. because of central necrosis, density was measured peripherally in the lesion. Therefore, non-permissible deviations of values could be prevented. Metastases were circled by ROI each as their true enlargement and not for a defined size as in the evaluation of liver parenchyma.
Calculations and statistics
Liver parenchyma
To assess reactions and pathologic changes in liver parenchyma due to the 2 chemotherapy strategies, all measurements of attenuation of parenchyma at baseline and at follow-up were included. Only the mean values of any 3 measurements were used. Differences in mean values between baseline and follow-up were calculated for all phases. The arithmetic mean was calculated from all values of attenuation of parenchyma in the plain group (n ¼ 24), the arterial group (n ¼ 30), and the portal venous group (n ¼ 30). The availability of normal distribution in the study group was proven and affirmed for the paired t-test. Thus, statistical significance could be proved using the paired t-test.
TLD
To assess the contrast of liver metastases to lesion-free liver parenchyma, TLD was used for all values of attenuation at baseline and follow-up CT scans for every CT phase and every patient. Each baseline CT was compared with the corresponding follow-up CT for one CT phase and differences between attenuation values were calculated. Those data were arranged in the same groups (plain, arterial phase, portal venous phase). Statistical significance was proved using the paired t-test.
Results
Liver parenchyma
In plain CT (blinded to therapy), the mean attenuation was 56.3 AE 8.1 HU at baseline CT and 54.8 AE 13.5 HU at follow-up CT. Within the arterial phase, the values were 76.0 AE 15.7 HU and 70.5 AE 20.4 HU, and within the portal venous phase mean attenuation was 105.6 AE 17.3 HU and 93.3 AE 18.2 HU. The average difference in attenuation between liver parenchyma at baseline CT and at follow-up CT was À1.4 AE 9.2 HU on plain CT. Using the paired t-test, no significant decrease in density in liver parenchyma (p ¼ 0.22) was seen (Figs. 2, 4 ). Regarding Fig. 5 ).
After unblinding of the study, the significance of decreasing densities was shown equally in portal venous CT both in the FOLFOX and FOLFIRI groups (FOLFOX, n ¼ 24 patients, portal venous CT dHU À9.6 AE 15.0; FOLFIRI, n ¼ 21 patients, portal venous CT dHU À15.6 AE 16.6; no assignment possible for 3 patients).
TLD
TLD was used to show the change in contrast between liver metastases and liver parenchyma. Therefore, the mean values of attenuation of metastases and liver parenchyma were calculated and subtracted. The mean value of TLD at plain baseline CT was 15.8 AE 8.9 HU and 16.4 AE 12.3 HU at follow-up CT, and did not differ significantly (0.6 AE 13.2 HU) on arterial phase (23.0 AE 11.3 HU versus 22.9 AE 18.9 HU; dHU À0.1 AE 15.8). In contrast, TLD differed significantly within the portal venous phase (40.2 AE 17.9 HU versus 28.4 AE 20.2 HU, dHU À12.3 AE 19.8; p50.001). Using the paired t-test a significant decrease in TLD between baseline and follow-up CT was shown in the portal venous phase (Fig. 6) . After unblinding, significances were the same for portal venous CT in both treatment groups (FOLFIRI and FOLFOX). Table 3 shows means and standard deviations of attenuation of liver parenchyma after unblinding to chemotherapy, and Table 4 shows TLD at both baseline CT and follow-up CT.
Metastases
The mean attenuation of metastases in the plain phase was 40.4 AE 8.3 HU at baseline CT and 42.2 AE 16.9 HU at follow-up CT; in the arterial phase it was 53.6 AE 19.9 HU and 48.2 AE 16.5 HU; and in the portal venous phase it was 65.9 AE 18.8 HU at baseline CT and 66.1 AE 23.5 HU at follow-up CT. The average difference in attenuation of metastases between baseline and follow-up was 1.7 AE 14.2 HU in plain CT (p ¼ 0.56). Within the arterial phase, the mean difference was À5.4 AE 18.7 HU (p ¼ 0.12) and within the portal venous phase it was 0.7 AE 18.2 HU (p ¼ 0.83).
Using the paired t-test it was not possible to show a significant difference between attenuation of metastases before and after chemotherapy.
When adding the number of measurements implemented by using the peripheral area of the metastasis, e.g. because of central necrosis, 67/84 metastases (80%) were counted at baseline CT. In contrast, only 17 metastases (20%) were homogeneous before chemotherapy using the measurement of the whole metastasis. One metastasis (1%) could not be recognized clearly at baseline, so the attenuation value of liver parenchyma was used instead. At follow-up, 33 metastases (39%) were measured using the peripheral area, 44 (52%) by sizing the whole metastasis; 8 metastases (10%) were no longer distinguishable.
Discussion
The present study has shown a possible relationship between neoadjuvant chemotherapy in patients with liver metastases from CRC and alterations in liver parenchyma that may influence the attenuation on CT scans.
The results indicate that those changes in structure can account for potential underestimation of liver metastases due to decreased contrast of tumour to liver in CT. Whereas plain CT is best for prediction of pathologic fat content [11] , the portal venous phase is more applicable for demarcating liver metastases from parenchyma [12, 13] . Several studies have demonstrated the occurrence of secondary effects like steatosis during chemotherapy against colorectal liver metastases [8, 14, 15] . Vauthey et al. [8] suggested that 17.4% of 248 patients treated with chemotherapy developed either steatohepatitis or steatosis. Whereas steatohepatitis was strongly associated with irinotecan usage, steatosis was not associated with a specific chemotherapy regimen [8] . Pawlik et al. [15] blamed irinotecan for inducing both steatohepatitis and steatosis.
One reason for the significant reduction in dHU in portal venous phase might be the sinusoid obstruction syndrome as an important toxic side effect of neoadjuvant treatment. Sinusoidal reaction such as dilatation and congestion because of perisinusoidal obstruction has been described in several studies examining, e.g. the effect of oxaliplatin on liver texture [8, 16, 17] . Figure 2 Box plot showing the density of liver parenchyma in plain CT (p) and in portal venous phase (pv) in baseline and follow-up in HU; decreasing densities from baseline to follow-up in portal venous phase is significant. In plain CT the same tendency is recognizable but not significant.
Rubbia-Brandt et al. [18] reported that oxaliplatin-based chemotherapy causes microscopic injuries in endothelial cells resulting in endothelial wall disruption. Subsequent sloughing causes congestion and therefore delayed contrast agent enhancement. Thus, attenuation of liver parenchyma should decrease in the portal venous phase on CT, but this has not been observed until now. Unfortunately, no systematic analysis of resected liver specimens was available in this retrospective and multicentric study. Further studies should focus on the correlation between the presence or absence of histologically verified sinusoid obstruction syndrome and changes in liver attenuation in the portal venous phase.
However, many other factors may explain the reduced contrast enhancement in the portal venous phase.
Tumour-related factors may change perfusion in the parenchyma adjacent to the lesion and in the whole organ. Kruskal et al. [19] showed in an animal study that alteration in sinusoidal and postsinusoidal vessels leads to changes in hepatic blood flow before metastases can be visualized by radiological imaging. Moreover, flow rates in the parenchyma adjacent to the metastasis are reduced due to direct compression and increase leukocyte adherence to the vessel. Leggett et al. [20] observed arterial flow changes in patients with hepatic metastasis and concluded that this change in flow and attenuation may lead to misinterpretation of real lesion size in CT.
Although patients with various primary tumours were included in this study, an influence on liverlesion contrast must be assumed. Different CT systems and an inconsistent CT examination protocol with potential variations in, e.g. tube voltage and contrast dosage before and after treatment, may influence attenuation. Slight deviation in tube voltage may result in attenuation variance as well as patient-related factors such as changes in body weight [21, 22] . Steatosis also leads to varied attenuation of liver parenchyma. The change in CT attenuation increases as the fat content increases [23] . Examining liver parenchyma on plain CT, a reduction in attenuation was recognizable by tendency but no significance was shown. Therefore, the occurrence of steatosis could not be proven in the FOLFIRI group or the FOLFOX group. Small sample size for plain CT in relation to contrast-enhanced phases could be a limiting factor.
Most colorectal liver metastases are nodular in shape [24] . Hence, circular ROIs were used for measurement of each metastasis including the whole area infiltrated with lesion mass. The percentage of measurements of metastases implemented using a peripheral area of the lesion was 79% at baseline and 39% at follow-up. Only 20% of metastases could be measured by circling the whole lesion before chemotherapy in contrast to 52% after. These findings indicate that neoadjuvant chemotherapy of colorectal liver metastases alters their appearance from inhomogeneous with central necrosis to homogeneous. Ng et al. [25] agree with the point that central necrosis is more prominent in untreated metastases, but regresses after chemotherapy. Aloysius et al. [14] affirm that inhomogeneity of metastases is much more pronounced in treated patients. However, 50% of liver metastases in their patients were fibrotic so that diagnosis of central necrosis could be more difficult.
In the present study, there was no significant difference between attenuation of metastases before and after chemotherapy. Thus, the difference was only influenced by decreasing attenuation of parenchyma. If TLD is reduced, the contrast between liver parenchyma and metastasis is altered, so that it is difficult to detect metastases in their true dimensions.
Scott et al. [26] suggested that 77.4% of 84 colorectal liver metastases examined had a hypovascular enhancement pattern in the portal venous phase compared with normal liver parenchyma. Any factor that is associated with reduced attenuation of liver parenchyma, such as sinusoidal obstruction syndrome, might lead to a more complicated detection of hypovascular metastases.
The current results confirm the assumption of Benoist et al. [27] that morphologic changes to the structure of liver caused by chemotherapy may be responsible for underestimating metastases in the liver. However, our study could not blame one special chemotherapeutic agent. The effects on liver parenchyma requires better resection of downstaged liver metastases by enlarging the margin of metastases removed including the site of metastases that have disappeared [28] . Additionally, it would be advisable to offer other imaging techniques such as MRI or PET/CT to patients in whom liver metastases are no longer visible.
Conclusion
In patients with colorectal liver metastases, neoadjuvant chemotherapy (FOLFOX/FOLFIRI) may have a toxic impact on liver parenchyma resulting in reduced contrast of tumour to liver in contrast-enhanced CT. This may lead to underestimation of real lesion size.
